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Abstract. We investigate the idea that ultrahigh energy γ-rays (E > 10TeV) can be produced when
charged particles are accelerated by microscopic black holes. We begin by showing that microscopic
black holes may exist as remnants of primordial black holes or as products of the collisions in the
large extra dimensions scenario of high energy cosmic rays with atmospheric particles. We then
solve Maxwell’s equations on curved spacetime backgrounds in 4, 5 and 6 dimensions and use the
solutions to calculate the energy distributions. From the latter we obtain the black hole parameters
needed to produce the energies of the observed γ-rays.
INTRODUCTION
The existence of cosmological black holes with masses of 10−108 solar masses is now
an accepted fact. The existence of microscopic black holes with masses of 1−10 Planck
masses has not been established, but their existence is of great theoretical interest. If
they do exist, there is the possibility that they could be probed experimentally to obtain
information about quantum gravity. One possible source of such microscopic black holes
is primordial black holes, which have reached Planck-size masses during the present
epoch through emission of Hawking radiation. Another possible source is microscopic
black hole production. The recent proposal of the existence of large extra dimensions
[1] and the consequent lowering of the fundamental energy scale to 1 TeV implies
that microscopic black holes can be created in accelerators [2] whose center of mass
energies are above the fundamental energy scale. Microscopic black holes would also be
produced in the collisions of ultrahigh energy cosmic rays with the Earth’s atmosphere
[3]. In this talk we describe one of the signatures of black holes impinging upon the
Earth’s atmosphere: ultrahigh energy γ-rays. As of yet there is no firm evidence that
such emissions are occurring in our atmosphere, but there is some evidence for γ-rays
with energies greater than 100 TeV at the 1.6 σ -level from unknown sources within the
galatic plane[4].
A charged particle being accelerated by a black hole can produce γ-rays with energies
in the multi-TeV range before the particle passes beyond the horizon radius provided
that the curvature gradient of the space around the black hole is large enough. Such
curvature gradients occur in quantum black holes, black holes whose masses are of
the order the Planck mass. A calculation taking into account special relativity (but not
general relativity) shows us that to produce γ-ray energies in the 10 TeV range a single
electronic charge would have to be accelerated by a black hole with a mass equal to five
times that of the Planck mass.
The microscopic black holes needed to produce ultrahigh γ-rays may be the remnants
of primordial black holes. Such black holes can be produced by
• Inflationary horizon-scale fluctuations
• Density fluctuations at phase transitions and bubble formation and collapse
• Baryon isocurvature fluctuations on small scales.
Large-mass primordial black holes (M > 1015 gm) decaying via Hawking radiation [5]
as described by the canonical ensemble in 4 space-time dimensions, (dM/dt)∼−M−2,
would have decayed to a Planck-size mass in the present epoch. Microscopic black holes
produced in this manner could be stable if quantum gravity effects terminate the decay
process.
Copious microscopic black hole production can also occur if large extra dimensions
exist. In this scenario black hole production can occur as the result of the collision of
particles with total center of mass energy above the effective Planck scale, which can
be as low as the electroweak scale mew ∼ 1TeV. Black holes could thus be produced
in collisions of high energy cosmic rays with the Earth’s atmosphere. As we show in
the next Section, such black holes may live long enough to create ultrahigh γ-rays even
without taking quantum gravity effects into account.
BLACK HOLES AND LARGE EXTRA DIMENSIONS
In a 4-dimensional space-time, a black hole might emerge from the collision of two
particles only if its center of mass energy exceeds the Planck mass mp (lp will denote
the Planck length). In fact, the Compton wavelength lM = lp (mp/M) of a point-like
particle of mass M < mp would be smaller than the gravitational radius RH = 2GN M =
2(lp/mp)M and the very (classical) concept of a black hole would lose its meaning.
However, since the fundamental mass scale is shifted down to mew in the models under
consideration, black holes with M ≪ mp can now exist as classical objects provided
lp (mp/M)≪ RH ≪ L , (1)
where L is the scale at which corrections to the Newtonian potential become effective.
The left hand inequality ensures that the black hole behaves semiclassically, and one
does not need a full-fledged theory of quantum gravity, while the right hand inequality
guarantees that the black hole is small enough that its gravitational field can depart from
the Newtonian behavior without contradicting present experiments.
The luminosity of a black hole in D space-time dimensions is given by
L
(D)(M) = A(D)
∫
∞
0
S
∑
s=1
n
(D) (ω)Γ
(s)
(D)
(ω)ωD−1 dω (2)
where A
(D) is the horizon area in D space-time dimensions, Γ
(s)
(D)
the corresponding
grey-body factor and S the number of species of particles that can be emitted. For the
sake of simplicity, we shall approximate ∑s Γ(s)(D) as a constant. The distribution n(D) is
the microcanonical number density [6, 7, 8]
n(D)(ω) =C
[[M/ω]]
∑
l=1
exp
[
SE(D)(M− l ω)−SE(D)(M)
]
(3)
where [[X ]] denotes the integer part of X and C =C(ω) encodes deviations from the area
law [6] (in the following we shall also assume C is a constant in the range of interesting
values of M).
ADD scenario
If the space-time is higher dimensional and the extra dimensions are compact and
of size L, the relation between the mass of a spherically symmetric black hole and its
horizon radius is changed to [9]
RH ≃ l(4+d)
(
2M
m(4+d)
) 1
1+d
, (4)
where G
(4+d) ≃ Ld GN is the fundamental gravitational constant in 4+ d dimensions.
Eq. (4) holds true for black holes of size RH ≪ L, or, equivalently, of mass M ≪Mc ≡
mp (L/lp). Since L is related to d and the fundamental mass scale m(4+d) by [1]
L∼ γ1+ 2d 10 31d +16 lp , (5)
where γ ≡ mew/m(4+d), Eq. (1) translates into
10−
31+16d
2+d γ mp ∼ 10−16 γ mp ≪M ≪Mc , (6)
where we also used the fact that d = 1 is ruled out by present measurement of GN [1]
and relatively high values of d (i.e., d ∼ 6) seem to be favored (see, e.g., Refs. [10]). For
γ ∼ 1 (i.e., m
(4+d) ∼ mew ∼ 1TeV), the left hand side above is of order mew as well.
For RH < L the Euclidean action S<E ∼ (M/mew)(d+2)/(d+1) and the occupation num-
ber density for the Hawking particles in the microcanonical ensemble is given by
n(4+d)(ω)∼
[[M/ω]]
∑
l=1
e
(
M−l ω
mew
) d+2
d+1−
(
M
mew
) d+2
d+1
. (7)
In 4 dimensions one knows that microcanonical corrections to the luminosity become
effective only for M ∼ mp, therefore, for black holes with M ≫ mew the luminosity (2)
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FIGURE 1. Microcanonical luminosity (solid line) for a small black hole with d = 6 extra dimensions
compared to the corresponding canonical luminosity (dashed line). Vertical units are chosen such that the
canonical luminosity L (mew) = 1.
should reduce to the canonical result [11, 12, 13]. However, in 4+d dimensions, such
corrections are not entirely negligible for M ∼mew. The decay rate corresponding to the
number density (7) as calculated from Eq. (2) is exhibited for d = 6 in Fig. 1. For lower
values of d the peak in the microcanonical luminosity shifts to smaller values of M,
thus approaching the 4-dimensional canonical decay rate (also shown for comparison in
Fig. 1). In all cases, the microcanonical luminosity becomes smaller for M ∼mew than it
would be according to the canonical luminosity, which makes the life-time of the black
hole somewhat longer than in the canonical picture. In particular, for d = 6 one finds
dM
dt
∣∣∣∣
M∼mew
≃−10−10 L H(10) ∼−1017
TeV
s
. (8)
A black hole would therefore evaporate very quickly [2] down to∼ 6mew. Then, its life-
time is dominated by the time it would take to emit the remaining ∆M ∼ 5TeV, before it
reaches 1mew, which is approximately
T ∼
(
dM
dt
)−1
∆M ∼ 10−17 s . (9)
The above relatively long time also takes into account the dependence of the grey-
body factor Γ(s)
(4+d)
on d (for the details see Ref. [14]). Without a full-fledged theory
of quantum gravity, nothing can be safely stated as M becomes less than mew. However,
by extrapolating the microcanonical behavior, one would conclude that the evolution
then proceeds roughly according to the usual exponential law of radiative decay [7].
RS scenario
In order to study this case, we shall make use of the solution given in Ref. [15]. This
is one of the few known metrics on the brane which might represent such a case in the
context of the RS scenario (for more candidates see Ref. [16]). Such a solution has the
Reissner-Nordström form
−gtt =
1
grr
= 1−2 M lp
mp r
+Q2 l
2
p
r2
−q m
2
p l2p
m2
(5) r
2 , (10)
and the (outer) horizon radius is given by
RH = lp
M
mp

1+
√√√√1−Q2 m2p
M2
+
qm4p
M2 m2
(5)

 , (11)
where m
(5) ∼mew is the fundamental mass scale and q represents a (dimensionless) tidal
charge. The latter can be estimated on dimensional grounds as [12, 15] q∼
(
mp
mew
)α M
mew
and for α >−4 the tidal term ∼ 1/r2 dominates over the 4-dimensional potential∼ 1/r
(as one would expect for tiny black holes). From Eq. (11) with Q = 0 and α > −4 one
obtains
RH ≃ lp
(
mp
m(5)
)1+α2 √ M
m(5)
, (12)
since the tidal term q dominates for both M and m(5) ≪ mp, and one must still have
Eq. (1). With one warped extra dimension [17], the length L is just bounded by requiring
that Newton’s law not be violated in the tested regions, since corrections to the 1/r
behavior are of order (L/r)2. This roughly constrains lp < L < 10−3 cm. Hence the
allowed masses are, according to Eq. (1),(
m
(5)
mp
)α
3
≪ M
m(5)
≪
(
L
lp
)2 (m
(5)
mp
)2+α
. (13)
In particular one notices that black holes with M ∼ m(5) ∼ mew could exist only if the
following two conditions are simultaneously satisfied
α ≥ 0 and Llp
≫
(
mp
mew
) 3+α
3
. (14)
The luminosity is now given by, for the limiting case α = 0 and taking into account
the second condition in Eq. (14),
L
(4) < 10
−9 M
mew
TeV
s
, (15)
which yields an exponential decay with typical life-time T > 109 s.
Production of Black Holes by Cosmic Rays
Since the Planck mass in 4+d dimensions can be as small as 1 TeV, black holes can
be created in cosmic ray interactions with particles in the Earth’s atmosphere (or any
other source of matter within the galaxy) in the processes
p+ p→ BH+X++
ν +N → BH+X .
The cross section for the production of a black hole with mass M in such processes is
given to a good approximation by σ ≃ pi R2H , where
RH =
1√
pi m(4+d)
[
M
m
(4+d)
(
8Γ(d+32 )
d +2
)] 1
d+1
, (16)
and we recall that m
(4+d) ∼ mew. For proton and neutrino energies above ∼ 108 TeV
black hole production will dominate over the production of standard model parti-
cles [18]. About 100 black holes per year are created for the whole surface of the Earth
by the p+ p process [3], while the ν +N process creates one black hole per year [18].
ACCELERATION OF A CHARGED PARTICLE BY A NEUTRAL
BLACK HOLE
4-Dimensional Case
To describe the radiation a charged particle being accelerating by a neutral micro-
scopic black hole will produce, Maxwell’s equations must be solved on a curved space-
time background. The perturbed electromagnetic tensor elements fµν are determined
from the relation
(
√−g f µν),ν = 4pi
√−g jµ , (17)
where jµ is the current associated with the falling charge. In 4 dimensions the
Schwarzschild metric is spherically symmetric (in this Section the masses are in units
of length, i.e. GN = 1),
ds2 =−
(
1+
2M
r
)
dt2+
(
1+
2M
r
)−1
dr2 + r2
(
dθ 2 + sin2 θ dφ 2) , (18)
and, in order to solve the set of equations in Eq. (17) the perturbations fµν are conve-
niently expanded in tensor harmonics [19]. Using the field equations all of the tensor
elements fµν can be put in terms of a single element, say f12. After taking the Fourier
transform ( ∂∂ t → iω) the remaining element satisfies the equation
d2 flm
dr2∗
+
{
ω2− eν
[
l(l+1)
r2
]}
flm = 2
√
l +1/2 eiωT eν
[
eν u− ddr (e
ν w)
]
(19)
where r∗ is the standard “turtle” coordinate,
flm = eν f12 , (20)
eν = 1− 2M
r
, u =
qe−ν
r2
, w =
q
l(l+1)
dT
dr , (21)
T = −4M
√
r/(2M)− (4/3)M [r/(2M)]3/2−2M ln
(√
r/(2 M)−1
)
+2M ln
(√
r/(2 M)+1
)
. (22)
The charge on the infalling particle is q and T is the time for the particle to fall from
∞ to the point r. The equation for flm cannot be solved analytically, but values for the
amplitude can be obtained numerically using the Green’s function G(r,r′). The solution
of Eq. (19) is given by
flm =
∫
G(r,r′)S(r′)dr′ (23)
where S(r) is the source term on the right hand side of Eq. (19). The energy distribution
averaged over the complete solid angle is〈
dE
dω
〉
=
l(l+1)
2 pi
fl0 f ∗l0 . (24)
This distribution is plotted as a solid line in Fig. 2 for unit charge q and black hole mass
M (RH = 2M). The energy of the radiation is
∆E ≃
C
(4)q
2
M
, (25)
where C(4) is the area under the curve. To produce a 100 TeV photon from a singly
charged particle (q = e) the black hole would have to have a mass of approximately
10mp.
4+d-Dimensional Case
For the case of large extra dimensions the invariant line element is taken to be of the
form
ds2 = −

1−( R2H
r2 +∑y2i
) d+1
2

 dt2 +

1−( R2H
r2 +∑y2i
) d+1
2


−1
dr2
+r2
(
dθ 2 + sin2 θ dφ 2)+∑dy2i , (26)
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FIGURE 2. Energy distribution for a particle of unit charge falling into a 4-D black hole of mass M
(solid line). Same distribution (scaled by 100) for a 5-D black hole (dashed line) and (scaled by 1000) for
a 6-D black hole (dotted line). Note that secondary peaks are due to limited numerical precision.
where the yi’s are the coordinates of the d extra dimensions. We assume in this case
that the electromagnetic radiation is confined to a 4-dimensional brane embedded in the
4+d-dimensional space. Thus the yi’s are set to zero in g00 and g11, and the harmonic
tensor has the same form as in Ref. [19], but with extra rows and columns of zeros
for the extra dimensions. The energy distributions for the d = 1,2 cases are given in
Fig. 2 together with the 4-dimensional case. The corresponding energy expressions are
of the same form as for the 4-dimensional case [Eq. (25)]. It is clear from the graphs that
heights of the peaks decrease, that the peaks broaden and that the centers of the peaks
shift to larger values of the frequency ω with increasing number of extra dimensions. The
expressions used for the metric tensor elements for the d > 0 cases are approximations
which are valid if RH ≫ L. The energy radiated in these cases is given by
∆E ≃
C(D) q
2
RH
D = 5, 6 , (27)
where the C
(D)’s are twice the areas under the corresponding curves.
The approximation used to obtain the expressions for the 5- and 6-dimensional cases
is not satisfactory for RH ≪ L. The latter is the more realistic case for microscopic black
holes, but there is no known metric which suitably describes this case. Therefore the
problem of obtaining black hole parameters from the observed energies of the γ-rays
remains to be solved.
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